Bloom syndrome is a rare autosomal recessive disorder characterized by genetic instability and cancer predisposition, and caused by mutations in the gene encoding the Bloom syndrome, RecQ helicase-like (BLM) protein. To determine whether altered gene expression might be responsible for pathological features of Bloom syndrome, we analyzed mRNA and microRNA (miRNA) expression in fibroblasts from individuals with Bloom syndrome and in BLM-depleted control fibroblasts. We identified mRNA and miRNA expression differences in Bloom syndrome patient and BLMdepleted cells. Differentially expressed mRNAs are connected with cell proliferation, survival, and molecular mechanisms of cancer, and differentially expressed miRNAs target genes involved in cancer and in immune function. These and additional altered functions or pathways may contribute to the proportional dwarfism, elevated cancer risk, immune dysfunction, and other features observed in Bloom syndrome individuals. BLM binds to G-quadruplex (G4) DNA, and G4 motifs were enriched at transcription start sites (TSS) and especially within first introns (false discovery rate ≤ 0.001) of differentially expressed mRNAs in Bloom syndrome compared with normal cells, suggesting that G-quadruplex structures formed at these motifs are physiologic targets for BLM. These results identify a network of mRNAs and miRNAs that may drive the pathogenesis of Bloom syndrome. B loom syndrome (BS; OMIM 210900), an autosomal recessive disease caused by the loss of function mutations in the BLM gene (1) , is characterized by proportional dwarfism from birth; genomic instability; immune deficiency; infertility; an elevated risk of type II diabetes; a characteristic sun-sensitive "butterfly" facial rash; and a strong predisposition to a wide variety of neoplasms, especially leukemia and lymphoma (2) (3) (4) (5) . BLM encodes the BLM RECQ helicase, an ATP-dependent 3′-to-5′ DNA helicase that binds and unwinds a variety of structured DNA substrates formed during DNA replication, recombination, and repair. These substrates include G-quadruplex structures (G4 DNA), forked DNA, D loops, and Holliday junctions. BLM also interacts physically and functionally with other proteins that play key roles in DNA metabolic processes involving these DNA intermediates (6) (7) (8) (9) .
BLM is one of five members of the human RECQ helicase family, which also includes the WRN, RECQL/RECQ1, RECQL4, and RECQL5/RECQ5 helicases (10) . Mutations in either WRN or RECQL4 cause heritable cancer predisposition syndromes that share some features with BS. Werner syndrome (WS), caused by WRN mutations, is characterized by a prematurely aged appearance and an increased incidence of six specific tumor types (11) (12) (13) . Rothmund-Thomson syndrome (RTS), caused by RECQL4 mutations, is characterized by developmental abnormalities and an elevated risk of osteosarcoma and lymphoma (14) (15) (16) . Loss of BLM or WRN function leads to genomic instability, which may drive elevated cancer risk in both syndromes. Gene expression is altered in BS, WS, and RTS cells (17) , but transcriptional regulatory targets and RECQ helicasedependent gene networks have not been identified. Thus, a better understanding of how RECQ helicases contribute to gene structure and expression will aid our understanding of the roles of these proteins in human health and disease.
G4 DNA is a stable, nonB form DNA structure that can form at sequences conforming to the consensus G ≥3 N 1-x G ≥3 N 1-x G ≥3 N 1-x G ≥3 , known as a G4 motif (18) . G4 DNA can be bound and unwound by RECQ helicases (10) , and by the XPD-related helicases such as human XPD (19) and its paralogs FANCJ (20, 21) , CHL1 (22) , and likely RTEL1 (23) . In the human genome, G4 motifs are greatly enriched near transcription start sites (TSS), at the 5′ end of first introns, and in exons and introns of many oncogenes (reviewed in refs. 18, 24, and 25) . Transcription of regions containing G4 motifs promotes the formation of G-quadruplex structures (26) that may block progression of RNA polymerase II Significance Bloom syndrome is a rare human genetic disease characterized by proportional dwarfism, immunodeficiency, and an elevated risk of many different cancer types. We used RNA expression profiling to identify networks of mRNAs and microRNAs that are differentially expressed in cells from Bloom syndrome patients and associated with cell proliferation, survival, and molecular pathways promoting cancer. Altered mRNA expression was in some cases strongly correlated with the presence of G4 motifs, which may form G-quadruplex targets that are bound by BLM. Further analysis of the genetic networks we identified may elucidate mechanisms responsible for Bloom syndrome disease pathogenesis and ways to ameliorate or prevent disease in affected individuals.
Author contributions: G.H.N., W.T., A.I.R., X.W.W., I.D.H., R.J.M., and C.C.H. designed research; G.H.N., W.T., A.I.R., J.A.W., and K.K. performed research; R.P.B. and L.T.G. contributed new reagents/analytic tools; G.H.N., W.T., A.I.R., R.P.B., L.T.G., A.J.S., N.M., and R.J.M. analyzed data; and G.H.N., W.T., A.I.R., R.P.B., L.T.G., X.W.W., I.D.H., N.M., R.J.M., and C.C.H. wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Data deposition: The data reported in this paper have been deposited in the Gene Expression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo (accession no. GSE54502).
and inhibit gene expression (27, 28) . G4 motif-related gene expression changes have been reported in BS and WS cells (17) . We recently showed that XPD and XPB, a second helicase component of TFIIH, are enriched at G4 motifs, particularly at the TSS and near genes in pathways correlated with cancer and development (19) . These results suggest that G-quadruplex structures might be in vivo regulatory targets for BLM.
Our goal here was to identify transcriptional targets of BLM on a genome scale and reveal genes and gene networks expression of which is modulated by BLM. Therefore, we compared expression of genes in cells from 16 mutation-typed BS patients with matched normal controls and in cells depleted of BLM protein. We analyzed both mRNA and also microRNA (miRNA) expression, because miRNAs had not been systematically studied and could contribute to BS by regulating development, DNA repair, stress responses, and tumorigenesis (29, 30) . Differential expression characterized mRNAs transcribed from genes enriched in G4 motifs, providing support for the view that G-quadruplex structures may regulate in vivo gene expression. The partial overlap among the mRNAs, miRNAs, and pathways altered in BS and BLM-depleted cells suggest a model in which BS pathogenesis is driven by a combination of the loss of BLM function in DNA metabolism together with gene expression changes.
Results
Expression Profiling Identifies BLM-Regulated Genes. mRNA and miRNA expression was determined by array analysis of fibroblasts from 16 mutation-typed BS patients (BS) and 15 matched control donors (NM), and in BLM-depleted (BLM) or nonspecific shRNA-treated isogenic control fibroblasts (NS) ( Table 1 and SI Appendix, Table S1 ). The experimental workflow is outlined in SI Appendix, Fig. S1 . Principal component analysis (PCA) showed clustering of mRNAs and miRNAs by sample type, with no obvious clustering of BS donors by age, gender, or number of passages in culture ( Fig. 1 A and B) . We observed similar results for BLM-depleted cells (SI Appendix, Figs. S2 and S3). A subset of mRNA expression differences originally identified by microarray were also confirmed by quantitative PCR (qPCR) (SI Appendix, Fig. S4 ). Significant mRNA expression differences were identified by using an absolute expression ratio difference of ≥1.5 and a P < 0.05 with a FDR < 0.05. By these criteria, 1,153 mRNA-encoding genes were up-regulated (n = 1,012) or down-regulated (n = 141) in BS cells versus controls ( Fig. 1C and SI Appendix, Table S2A ). A prior analysis (17) that included cells from 3 of the 15 BS patients analyzed here identified significant expression changes in 1,111 genes (P value cutoff of 0.001) with similar proportions of up-and down-regulation (n = 867 up-and n = 247 down-regulated). BLM-depleted cells exhibited altered expression of 1,332 genes, with 580 upand 752 down-regulated genes versus nonspecific shRNA-treated cells (Fig. 1C and SI Appendix, Table S2B ). Among the 2,302 genes exhibiting altered expression, 183 (8%) were altered in both BS and BLM-depleted cells (binomial P value = 3.54 × 10 −20 ; SI Appendix, Table S2C ). Visual examination of expression data also identified other genes of interest such as cytidine deaminase (CDA), expression of which was significantly reduced in BLMdepleted cells (SI Appendix, Table S2B ). CDA was previously reported to be down-regulated in BS cells (31) and is downregulated as well in the BS patient samples analyzed here, although it did not meet our significance cutoff.
These differentially expressed gene lists were used for Ingenuity Pathway Analysis (IPA Ingenuity Systems; www.ingenuity.com) to identify functions and pathways altered in BS or BLM-depleted cells. Top-ranked molecular and cellular functions in BS cells included "cell growth/proliferation," "cell death/survival," "protein synthesis," "gene expression," and "cellular development," with "molecular mechanisms of cancer" the top-ranked canonical pathway followed by pathways involved in protein ubiquitination and signaling (Tables 2 and 3 ). Top molecular and cellular functions identified in BLM-depleted cells included "cell cycle," "cell assembly/ organization," and "DNA replication/recombination and repair" with "cell cycle control of chromosome replication," mitotic division and DNA damage signaling the top canonical pathways. Cellular growth and proliferation and cell death/survival were common to both BS and BLM-depleted cells (Tables 2 and 3 ).
An expanded gene set enrichment analysis (GSEA) conditioned on BLM was used to gain a more detailed view of BLMdependent expression changes. Among the 9,969 gene sets contained in the MSigDB C2-C7 collections, we identified highly significant enrichment for 244 gene sets in BS cells and for 101 gene sets in BLM-depleted cells. Of note, 90% (91/101) of the significant gene sets altered in BLM-depleted cells were found among the 244 gene sets significantly altered in BS cells (Table 4 and SI Appendix, Table S3 ).
Canonical pathways identified by GSEA in both BS and BLMdepleted cells included Notch expression, processing, and signaling; ARF, p38MAPK, TGF-β, and NF-κB signaling; protein kinase activity; and nucleotide binding and nucleic acid metabolic processes (SI Appendix, Table S3 ). All 45 of the gene sets associated with diverse immunologic cell types and processes in BLM-depleted cells were present among the 101 immune function gene sets altered in BS cells (SI Appendix, Table S3 ). These results collectively identify expression changes in mRNAcoding genes that are common to both BS and BLM-depleted cells, and changes that are BS-specific.
Differentially Expressed miRNAs Are Often Cancer-Associated. Onethird (52/149) of the miRNAs we assayed in both BS and BLMdepleted cells exhibited significant differential expression in one or both cell types (absolute expression ratio difference of ≥1.5 and FDR < 0.1 ( Fig. 1D and SI Appendix, Table S4 ). We verified a subset of these miRNA expression differences by qPCR (SI Appendix, Fig. S5 ). Of the miRNAs differentially expressed in BS cells, half (19/38) were up-regulated and half (19/30) down-regulated. The top differentially expressed miRNAs in BS cells were miR-181, miR-595, miR-155, miR-412, miR-30, miR-29, and miR-130 family members (up-regulated), and miR-143, miR-499, miR-92, miR-145, and let-7 family members (down-regulated). Of note, most of these differentially expressed miRNAs (29 of 38, or 76%, in BS cells; 14 of 19 or 74% in BLM-depleted cells) were cancer-associated in MalaCards: Human Malady Compendium (32) database (www.malacards.org). Both miR-181 family and miR-155, up-regulated in BS cells, are also up-regulated in many hematopoietic and leukemic malignancies such as B-cell lymphoma, Hodgkin lymphoma, acute myelogenous leukemia, and chronic lymphocytic leukemia (33) (34) (35) (36) . These malignancies are some of the most common cancers in BS patients (5) . The miRNAs miR-143 and miR-145, down-regulated in both BS and BLM-depleted cells, may impair an MDM2-p53 feedback loop to promote cell proliferation and hinder apoptosis and, thus, could be promoting tumorigenesis in BS patients (37) . Altered miRNA expression in BS might also deregulate islet cell function to promote the development of diabetes mellitus with impaired insulin signaling (38) .
We used miRTarBase data (39) to determine whether altered miRNA expression might be driving BLM-dependent gene expression changes. Nineteen of the 52 miRNAs differentially expressed in BS and/or BLM-depleted cells had experimentally validated mRNA targets that were differentially expressed in the opposite direction in one or both cell types (SI Appendix, Tables  S4-S6 ). Target genes with the potential to promote tumorigenesis that exhibited up-regulated expression in BS cells included the following: growth factor receptor/oncogene genes such as EGFR, FLI1, FZD7, IRS1, MYC, and PDGFRA; antiapoptotic genes such as BIRC6; and MDM2, which encodes a negative regulator of TP53 (SI Appendix, Table S6A ). These results indicate that a subset of BLM-dependent mRNA expression changes may be driven by altered miRNA expression, where up-or down-regulation has the potential to promote cancer risk or cancer pathogenesis in BS patients.
GSEA identified 40 miRNAs that were significantly altered in BS or BLM-depleted cells, together with gene sets that share 3′-UTR microRNA-specific binding motifs (SI Appendix, Table  S3 ). Five of these miRNAs exhibited altered expression in BS and/or BLM-depleted cells (SI Appendix, Tables S4 and S5). Gene sets that shared a transcription factor-binding site as defined in TRANSFAC (version 7.4) and were significantly altered in BS or BLM-depleted cells contained sites for MYB, FOXO1, E4BP4, HTF, and HIF1. Five other gene sets shared motifs not yet mapped to specific transcription factors (SI Appendix, Table S3 ). These analyses collectively identify several potential regulatory mechanisms involving miRNAs and transcription factors that could be modulating gene expression in a BLMdependent fashion.
Enrichment of G4 Motifs Correlates with BLM-Dependent Expression.
G4 DNA is bound and unwound by BLM (7). We therefore asked whether G4 motifs are enriched near TSSs and at the 5′ end of the first intron of genes encoding mRNAs differentially expressed in BS or BLM-depleted cells (SI Appendix, Tables S7  and S8 ). Among genes down-regulated in BS cells, we found highly significant enrichment of G4 motifs upstream of the TSS on the transcribed strand (TS; FDR = 0.003), and at the 5′ end of the first intron on the nontranscribed strand (NT; Fig. 2 ; FDR = 0.002). More than 30% of genes down-regulated in BS cells (40 of 131 with intron 1 annotations) carried a G4 motif overlapping the position 30 bp downstream of the exon 1/intron 1 boundary. Among genes up-regulated in BS cells, G4 motifs were 
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*P values indicate the likelihood that the association between each set of molecules in the experiment and a given process or pathway is due to random chance. The number of molecules (molec) is the aggregate number of unique molecules in all sets within that category. 16/66 (0.24) *Top canonical pathway P values provide a measure of the nonrandom association between a pathway and the dataset, whereas ratios reflect the number of molecules in a given pathway that meet expression cutoff criteria divided by the total number of pathway molecules. Ratios thus indicate fractional pathway regulation under a given experimental condition.
enriched flanking the TSS on the transcribed strand (FDR = 0.024), and at the 5′ end of the first intron on both the nontranscribed (FDR < 0.001) and transcribed strands (FDR = 0.021) (Fig. 2) . A similar analysis of BLM-depleted cells identified enrichment of G4 motifs near the 5′ end of the first intron on the NT strand of genes down-regulated upon BLM depletion (SI Appendix, Fig. S6 ; FDR = 0.017). This pattern of enrichment is shared with genes down-regulated in BS cells, although the position of these G4 motifs appears to be more consistently close to the exon/intron boundary. These results collectively suggest that G4 motifs in intron 1 may form G-quadruplex structures that may be targets for BLM and BLM-dependent transcription regulation. Some miRNA loci are also adjacent to G4 motifs. However, the relatively small number of differentially expressed miRNAs prevented us from further evaluating the relationship between miRNA G4 motifs and altered miRNA expression.
Discussion
We used RNA expression profiling of BS patient and BLMdepleted primary control fibroblasts to identify mRNAs and miRNAs exhibiting altered expression in a BLM-dependent manner. Our aim was to identify individual genes and gene networks that are regulated by BLM and may, in turn, drive BS pathogenesis. RNA expression profiling identified altered expression of 1,153 mRNAs in BS cells and 1,332 mRNAs in BLM-depleted cells, with 183 genes altered in both cell types. Thirty-eight miRNAs exhibited altered expression in BS cells and 19 in BLM-depleted cells, including 5 common to both cell types. Our results show that BLM helicase regulates gene expression and that one mechanism by which regulation occurs may involve direct binding to G-quadruplex structures.
BLM Regulation of Gene Expression. We identified strong enrichment of G4 motifs at TSSs, and especially within the first intron of genes exhibiting altered regulation in BS patient cells. BLM binds to and unwinds G4 DNA (7, 9, 10) . This enrichment of G4 motifs, also observed among targets of the transcriptional helicases XPB and XPD (19) , supports the view that G-quadruplex structures are targets for regulation of gene expression genomewide. G4 motifs are enriched at the 5′ ends of first intron in many human genes (40) , but the motifs associated with BLM regulation were distinguished by their proximity (within 30 bp) to the boundary between the first exon and intron. The first intron occupies a privileged genomic position, because it is close to the promoter (the average distance between the TSS +1 position and 5′ boundary of intron 1 is 98 bp), within the region where RNAP2 pauses, and it can evolve without altering protein sequence. Recent ChIP-Seq analysis of XPB/XPD showed that 40% of the sites bound by these two helicases in human cells contained G4 motifs, but significant enrichment was observed only near the TSS and not within the first intron (19) . This distinction between XPB/XPD and BLM targets supports the view that different proteins recognize distinct G4 quadruplex structures in vivo to modulate gene expression (18) . GSEA results are reported in greater detail in SI Appendix, Table S3 . *Genesets identified in the BS vs. normal donor (BS-NM), BLM-depleted vs. nonspecific shRNA-depleted (BLM-NS) cells, and number identified in both cell types (common). See Methods for additional detail.
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TS strand NT strand BLM Mutation and Depletion Reveal Overlapping Gene Networks.
BLM mutation and BLM depletion altered the expression of different sets of mRNAs and miRNAs ( Fig. 1 C and D) . IPAs and GSEAs indicated a higher degree of similarity between BS and BLM-depleted cells than suggested by the modest number of mRNAs and miRNAs exhibiting altered expression in both cell types ( Fig. 1 C and D) . In IPAs, BLM depletion strongly perturbed molecular and cellular functions and canonical pathways that reflected the immediate loss of DNA metabolic functions of BLM (Tables 2 and 3 ). The top-ranked molecular and cellular functions and canonical pathways altered in BS cells, in contrast, involved cell growth, proliferation, and survival; protein synthesis; gene expression; and molecular mechanisms of cancer together with altered protein ubiquitination and cell signaling. The only prominent overlaps between BS and BLM-depleted cells identified in this analysis were molecular and cellular functions involved in cell growth, proliferation, and survival (Tables 2 and  3 ). GSEAs provided a more detailed view of altered gene expression that affirmed underlying similarities in gene expression in both BS and BLM-depleted cells. Of note, among the 101 gene sets altered in BLM-depleted cells, 90% (91/101) were also identified among the 244 gene sets significantly altered in BS cells (Table 4 and SI Appendix, Table S3 ).
Role of Transcriptional Regulation by BLM in the Pathogenesis of BS.
Our results suggest a model for the pathogenesis of BS in which loss of BLM nucleic acid metabolic functions leads to DNA damage, genomic instability and cell loss, together with altered mRNA and miRNA expression changes that are themselves modulated by the loss of BLM. The identity of the affected genes provides a useful way to begin to understand the origins of key features of BS. For example, IPAs revealed cell growth/proliferation and cell death/survival as the two top-ranked molecular and cellular functions in BS cells (Table 2) . Altered cell proliferation and survival provide a ready explanation for the low birth weight and proportional dwarfism characteristic of BS (2-4, 41): Development as a process is normal, but output is scaled in response to a reduced number of available cells. Similar quantitative and qualitative cellular defects driven by genomic instability, cell loss, and altered gene expression may explain the origin of other prominent features of BS. For example, s.c. tissue loss and the sun-sensitive rash observed in many BS patients may reflect a combination of proliferative and DNA damage repair defects, leading to cutaneous cell loss, senescence, and chronic inflammation. The immune deficiency of BS may reflect a combination of lymphoid proliferative defects together with class switch recombination defects and defective cell signaling. A surprising finding in our GSEA was the strongly perturbed expression of gene sets representing immune cell lineages, development, and function in both BS and BLM-depleted cells (Table 4 and SI Appendix, Table S3 ). These changes may be driving impaired immune function in BS patients. Low fertility and the elevated risk of diabetes mellitus could in similar fashion reflect lineage-specific genetic instability, proliferative defects, and cell loss together with altered gene expression, leading, respectively, to the depletion of germ cells and to dysfunction or loss of pancreatic islet β cells with altered insulin signaling (38) .
A high risk of cancer, a cardinal feature of BS (4, 5) , may reflect the accumulation of mutant or genetically unstable cells in many cell lineages, tissues, and organs during and after development. This reservoir of mutant cells would provide a substrate for the eventual emergence of neoplastic clones that could be further promoted by procarcinogenic, BLM-dependent gene, and miRNA expression changes. Of note, the top-ranked canonical pathway identified in IPAs of BS cells was molecular mechanisms of cancer (Table 3 ). The individual genes and gene networks identified as part of this analysis should be useful in guiding more detailed, mechanism-oriented analyses of the origins of BS cellular and organismal phenotypes. A deeper understanding of these disease mechanisms should provide a detailed view of the pathogenesis of BS and may suggest new opportunities to ameliorate or prevent disease in individuals affected with BS.
Materials and Methods
Detailed materials and methods are in SI Appendix, SI Materials and Methods.
Cell Sources. Primary human skin fibroblast strains (Table 1 and SI Appendix, Table S1 ) from 16 mutation-typed BS patients (n = 16, donor median age 11.5 y) or from 11 control donors (n = 15, donor median age 19 y) were obtained from the Coriell Cell Repositories. NMs were age and sex-matched to BS cases. The control human primary fibroblast strain 82-6 was initiated from a foreskin fibroblast preparation as described (42) . BLM protein depletion was performed by lentiviral expression of a BLM-specific shRNA, and depletions of >90% were verified by Western blot as described (43) (SI Appendix, Fig. S2 ) in biological triplicate samples for comparison with 82-6 fibroblasts expressing a scrambled shRNA with no known target sequence in the human genome (plasmid 1864; Addgene) or no shRNA.
mRNA and miRNA Expression Profiling. Whole genome transcript exon profiling was performed on Affymetrix GeneChip Human Exon 1.0 ST (Affymetrix) arrays by using manufacture-recommended protocols. Samples from primary BS and NM fibroblasts were analyzed in triplicate, and 82-6 primary human fibroblasts were depleted with BLM-shRNA or treated with nonspecific shRNA, in duplicate. miRNA expression in BS and NM primary fibroblasts was analyzed by using a custom miRNA microarray chip (OSU-CCC version 4.0) that includes 898 probes to human and 704 probes to mouse mature or precursor miRNAs, spotted in duplicate (44) . miRNA expression profiling of BLM-depleted 82-6 fibroblasts was performed by using the Nanostring nCounter Human miRNA Expression Assay Kit (Nanostring). A total of 149 miRNAs were shared between these two platforms.
Microarray data were preprocessed and normalized with Affymetrix Expression Console software by using RMA normalization (affymetrix.com). Differentially expressed genes were identified by using the Bioconductor limma package and a linear fixed effects model with adjustments for donor age and sex (45, 46) . Preprocessing and normalization of OSU-CCC miRNA microarray data from BS and NM primary fibroblasts were done in R (version 2.6.0). nCounter RCC files generated from BLM-depleted samples were imported into nSolver (Nanostring) for quality control and normalized to the geometric mean of the top 100 expressed miRNAs. Differential expression was then analyzed by using ANOVA adjusted for age and gender for BS and control samples. Exploratory analyses and visualizations were performed by using the Partek Genomics Suite (Partek). mRNA and miRNA expression profiling data are archived in the Gene Expression Omnibus under accession no. GSE54502.
RNA Expression Analysis. PCA (47) was used to compare global mRNA and miRNA expression in BS patients and matched NM, and in BLM and NS-or COtreated isogenic 82-6 fibroblasts. mRNA expression data were analyzed by a combination of enhanced single gene analysis (SGA) and expanded GSEA conditioned on genotype. SGAs focused on the identification of mRNAs with significantly altered expression, as defined by an absolute fold expression difference of ≥1.5 with a P < 0.05 and a FDR of <0.05. Differential miRNA expression was defined by an absolute fold expression change of ≥1.5 with FDR < 0.1.
IPA. We used differentially expressed gene lists to perform an Ingenuity Pathway Core Analysis (IPA Ingenuity Systems) to identify molecular and cellular functions and canonical pathways altered in BS or BLM-depleted cells. Default parameters were used to identify networks, diseases, biological functions, and canonical pathways enriched within a given sample type, and to identify both direct and indirect regulatory interactions predicted with high confidence and/or previously experimentally verified.
GSEAs. GSEAs were performed by using the romer function in the limma package in Bioconductor (46) , and the gene sets were contained in the Molecular Signature Database version 4.0 (48) (www.broad.mit.edu/gsea/ msigdb/msigdb_index.html). GSEA was performed by using gene sets C2-C7. We did not analyze C1 gene sets defined by chromosomal position. The romer function allows the identification of gene sets with strong cross-correlation by boosting the signal-to-noise ratio. This function makes it possible to detect even modest changes in gene expression with confidence. The P values for the intersection of common genes with gene sets were calculated with the phyper function of R package (49) , which uses a hypergeometric distribution and sampling without replacement. This test is the same statistical test used to test associations in Gene Ontology analysis (50) .
miRNA Targets Analysis. miRTarBase (39) (http://mirtarbase.mbc.nctu.edu.tw) was used to identify gene targets of miRNAs that were differentially expressed in BS and BLM-depleted cells. A hypergeometric test was then used to determine the significance of associations of a given miRNA with differentially expressed genes in BS or BLM-depleted cells versus all targets for a given miRNA. G4 Enrichment Statistics. G4 motifs were located in hg19 by using Quadparser (24) with settings for four or more runs of three or more consecutive Gs separated by 1-to 12-nt loops on either strand of the genome (GC 3 4 1 12) in DAS format. Quadparser results were converted to BED format by using Perl scripts to yield 722,264 G4 motif annotations. RefSeq gene annotations were retrieved from the University of California, Santa Cruz genome browser database (51) . R scripts were then used to select regions flanking the RefSeq TSS that were 250 bp upstream and downstream of the transcription start site (TSS ± 250 bp) and encompassing the 250 bp at the 5′ end of the first intron (SI Appendix, Tables S7 and S8), and to calculate the number of G4 motifs that overlapped these regions on the transcribed (TS) or nontranscribed (NT) DNA strands of each gene. Genes from expression arrays were matched to RefSeq regions by using mRNA accessions. Of 17,318 genes queried by the expression arrays, 16,745 (>96%) were matched to TSSs in the RefSeq table; and 15,728 (>90%) genes were matched to intron 1 locations. Gene symbols for all differentially expressed genes with one or more G4 motifs in each region are recorded in SI Appendix, Table S7 . We then calculated the number of genes in each set with one or more G4 motif, the average number of G4 motifs per gene, and the total number of G4 motifs per gene in each region (SI Appendix, Table S8 ). To determine significance and exclude GC richness as a potential confounder of the analysis, each set of genes with significantly altered expression was compared with 1,000 randomly selected gene sets of equal size drawn from the pool of all genes in the expression arrays (SI Appendix, Table S8 ). These random sets were used to empirically determine FDRs for enrichment or depletion of G4 motifs, using FDR < 0.05 (5%) as a cutoff for significance.
